Introduction
Debris flow is an important sedimenttransport mechanism in subaerial and subaqueous environments. Its properties change almost continuously as sediment and water are added to or subtracted from it (Smith and Lowe, 1991; Vallance, 2000) . In subaerial environments, debris flows are commonly diluted into hyperconcentrated flows when they encounter a streamflow (Pierson and Costa, 1987; Costa, 1988) . A transition facies is produced during these events, comprising both debris-flow and hyperconcentratedflow deposits in one sedimentation unit (Pierson and Scott, 1985; Scott, 1988; Scott et al., 1995; Sohn et al., 1999) (Fig. 1A,B) . In subaqueous environments, debris flows are much more vulnerable to flow dilution because of larger flow resistance (Norem et al., 1990) , lack of surface tension effects by interstitial water (Mulder and Alexander, 2001 ) and prompt disintegration of debris in the case of hydroplaning debris flows (Mohrig et al., 1998) . Sohn (2000b) has suggested that submarine debris flows can be efficiently diluted when they hydroplane, and that two different associations of debris-flow deposits and diluted-flow deposits (turbidites) can be produced depending on whether a debris flow hydroplanes or not (Fig. 1C,D) . This study reports another example of flow transitions in a submarine environment, which involved progressive dilution of debris flows into hyperconcentrated flows and turbidity currents. This study suggests that the transition from debris flows to hyperconcentrated flows can occur in the submarine environment in a manner similar to the subaerial counterparts but under different conditions.
Geological setting
A foreland basin (Magallanes Basin) developed to the east of the Andean proto-cordillera during the Mesozoic Andean Orogeny (Dalziel and Brown, 1989) . The basin consisted of a N-Strending foredeep along the western margin and a gently sloping foreland ramp in its central and eastern parts (Biddle et al., 1986; Wilson, 1991) (Fig. 2B) . Throughout the Late Cretaceous, arc-and cordillera-derived sediments were dispersed along the foredeep, resulting in deposition of the deep-marine Cerro Toro Formation (Winn and Dott, 1979; Wilson, 1991) . The formation is composed of about 2000 m of hemipelagic mudstones and thin-bedded turbidites as well as thick lenses of submarine channel conglomerates named the Lago Sofia lens (Scott, 1966; Winn and Dott, 1979) (Fig. 2C) .
The Lago Sofia conglomerates are hundreds of metres thick, kilometres wide and extend for more than 120 km from north to south (Winn and Dott, 1979) , representing one of the largest submarine channel systems in the world (Jo et al., 2001) . The conglomerates occur as isolated channel-fill bodies in the northern part, generally less than 100 m thick and intercalated between much thicker fine-grained facies, whereas they constitute vertically stacked and laterally interconnected channel-fill bodies in the south, more than 300 m thick (Fig. 3) . The overall distribution, geometry and north-to-south palaeoflow pattern of the conglomerates suggest that the channel system consisted of tributaries in the north, which joined to form an axial trunk channel in the south. The Lago Sofia conglomerates can be divided into two major groups of facies: disorganized to variably graded conglomerates with
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Terra Nova, 14, 405-415, 2002 Correspondence: Y. K. Sohn, Department of Earth and Environmental Sciences, Gyeongsang National University, Chinju 660-701, Korea. Tel.: +82 557516005; fax: +82 557572015; e-mail: yksohn@ nongae.gsnu.ac.kr a muddy matrix and stratified or cross-stratified conglomerates with a sandy matrix (Fig. 4) . The former are interpreted as deposits of multiphase debris flows composed of a series of distinct flow types, whereas the latter show laterally inclined stratification, foreset stratification and hollow-fill structures, reminiscent of terrestrial fluvial deposits and suggestive of turbidity-current processes.
Characteristics of multiphase debris-flow deposits
The multiphase debris-flow deposits are generally several metres thick, commonly in excess of 10 m in thickness. They are easily distinguished from the stratified conglomerates because of a total lack of internal stratification, sharp bed boundaries and the muddy nature of the matrix (Fig. 4) . They show a gradual pinch-out geometry on km-long exposures. The multiphase debris-flow deposits have certain sedimentary Fig. 1 Four possible models of multiphase flows generated by dilution of debris flows in subaerial and subaqueous settings. (A) A subaerial debris flow, diluted at the leading edge by a streamflow, comprises a preceding hyperconcentrated flow and a following debris flow, resulting in hyperconcentrated flow deposits overlain by debris-flow deposits (Pierson and Scott, 1985; Scott, 1988; Scott et al., 1995) . (B) Incremental aggradation from subaerial debris flows, coarsest in the flow head and progressively more dilute and finer-grained toward the tail, results in a debris-flow deposit successively overlain by hyperconcentrated flow and streamflow deposits . (C) Subaqueous debris flows, non-hydroplaning because of extremely permeable fronts, are subject to mainly surface transformation. The surface-transformed suspended-sediment flows and debris-fall blocks can outpace the parental debris flows, resulting in outsized clast-bearing turbidites beneath debris-flow deposits (Sohn, 2000b) . (D) Subaqueous debris flows with impermeable fronts can hydroplane and their flow fronts can be repetitively detached and diluted to form voluminous turbidity currents. The turbidity currents outpace or are outrun by the debris flows, resulting in extensive turbidites beneath and above the parental debris-flow deposits (Sohn, 2000b) . characteristics in common irrespective of their locations in the submarine channel system. They are, however, more abundant in the northern area where the channel-fill bodies are interpreted to represent tributaries, whereas they are less abundant than the stratified conglomerates in the southern area (Fig. 3) . The downstream decrease in the proportion of the multiphase debris-flow deposits is interpreted to be due to a higher frequency of debris-flow processes in the tributaries rather than to downstream continuation and transformation of the debris flows into turbidity currents. Measurements of clast imbrication show that the debris-flow deposits have highly variable palaeoflow patterns, commonly at high angles to the overall trend of the channel Winn and Dott (1979) and the authors' own measurements, are indicated by large arrows. (Fig. 5A,C) . This suggests that the debris flows originated from failure of nearby channel banks or slopes flanking the channel system, and their flow paths were influenced by local topographic relief. On the other hand, the stratified conglomerates show a fairly uniform palaeoflow pattern, approximately following the overall trend of the channel axes ( Fig. 5B,D) . The majority of multiphase debrisflow beds show prominent normal grading composed of clast-supported pebbles and cobbles in their lower part and loosely clast-supported or matrixsupported pebbles in their upper part ( Figs 6A and 7) . The lower part commonly shows upcurrent-dipping [a(p)a(i)] imbrication of gravel and well-developed inverse grading near the base (Fig. 6B) . The lower bed contact is generally erosional, occasionally showing gigantic flute or groove casts (Fig. 6C) . The upper part of the bed shows disorganized fabric and characteristically contains abundant intraformational clasts, ranging from fine pebble-size mudstone chips to several metre-long sandstone blocks (Fig. 6D) . Some of the beds are capped by decimetre-thick layers of abundant mudstone chips set in a mudstone or sandy mudstone matrix. The matrix consists of poorly sorted muddy sand, containing about 30 vol.% sand. There is no significant matrix difference between the lower and the upper parts of individual beds (Fig. 8A,B) . Rarely, the matrix is richer in mud (Fig. 8C,D) or is composed of mainly mud in the upper part of the bed (Fig. 8E,F) .
Depositional processes
The internal succession of textures and structures compiled from a number of beds suggests temporal changes The Lago Pehoe section is characterized by several isolated units of conglomerates intercalated between much thicker fine-grained facies, whereas the Lago Sofia section comprises a much thicker sequence of conglomerates and thickbedded sandstones, generally lacking fine-grained facies.
Debris flow and hyperconcentrated flow in a submarine channel • Y. K. Sohn et al. Terra Nova, Vol 14, No. 5, [405] [406] [407] [408] [409] [410] [411] [412] [413] [414] [415] . (Fig. 9) . The erosional lower contact with welldeveloped flute and groove casts indicates an initial erosional event caused by a turbulent flow. The erosion was immediately followed by deposition from a gravelly flow. The basal inverse grading and imbrication of gravel in the lower division suggest high rates of shear strain, active clast collisions and immediate deposition of the gravel without rolling or prolonged friction-dominated movement on the bed (Walker, 1975; Lowe, 1982) . The kinetic energy for the high shear strain and active clast collision in the gravelly flow was probably supplied from an overriding turbulent flow. The whole flow responsible for the lower division is therefore interpreted to have been bipartite or stratified, comprising a high-concentration gravelly dispersion or a traction carpet at its base and an overlying lower-concentrated and turbulent suspension. This kind of flow is comparable to hyperconcentrated flows in subaerial environments (Costa, 1988; Smith, 1986; Pierson and Costa, 1987 ; Sohn et al., 1999), high-density turbidity currents (Lowe, 1982; Postma et al., 1988) or concentrated density flows (Mulder and Alexander, 2001 ) in subaqueous environments. Some units that lack either the basal inverse grading or clast imbrication in the lower division (Fig. 7) were probably emplaced by a flow in which frictional shear stresses were dominant (Sohn, 1997 (Sohn, , 2000a or grain inertial stresses did not overcome the lubricational and repulsive forces originating from a viscous muddy matrix (Coussot and Ancey, 1999) . The massive or normally graded interval directly above the basal inversely graded interval (e.g. Fig. 6B ) is interpreted to have resulted from rapid settling of coarse gravel in (intermittent) suspension in the lower part of the flow (Lowe, 1982) .
A number of sedimentary features in the upper division, including common matrix-supported texture, disorganized clast fabric and the presence of large floating intraformational clasts, are generally indicative of cohesive debris flows that underwent a very low rate of laminar shearing possibly with a rigid plug (Johnson, 1984; Shultz, 1984) . The development of normal grading in the upper division of some units is most likely due to incremental aggradation from a debris flow that was progressively finergrained toward the rear part (Vallance and Scott, 1997; Sohn et al., 1999) .
The multiphase flow event, composed of turbidity currents, hyperconcentrated flows and cohesive debris flows, is interpreted to have resulted from progressive dilution of a parental debris flow. The flow dilution is interpreted to have involved repetitive detachment and disintegration of gravel-rich fronts of a hydroplaning debris flow (Mohrig et al., 1998) ( Fig. 1D ). An assessment of the densiometric Froude number shows that metre-thick debris flows, experiencing a shear strain rate above 1 s )1 , can hydroplane even at a very low slope gradient. The muddy sand matrix of the debris flows is also interpreted to have been sufficiently impermeable to allow for hydroplaning. The abundance of coarse gravel in the hyperconcentrated flow deposits also suggests a full-scale dilution of the gravel-rich fronts of debris flows, most likely involving disintegration of hydroplaning flow fronts rather than just stripping of debris-flow surfaces (i.e. surface transformation) (Sohn, 2000b) . The presence of a mudchip-rich interval at the top of some units suggests that the majority of the flow-transformed materials were carried and deposited in front of the parental debris flow.
Comparison with subaerial debris flow-hyperconcentrated flow transitions
Subaerial debris flows behave in distinctly different manners depending on the matrix properties. Cohesive debris flows, containing more than 3-5 wt.% clay, travel long distances without transforming into hyperconcentrated flows or water floods but remain as debris flows to their termini.
On the other hand, non-cohesive debris flows, containing lesser amounts of clay, have a higher rate of flow attenuation with overrun streamflows and transform easily into dilute flow types, despite the similarities in deposit geometry and internal sedimentary characteristics and possible overlap of particle-support mechanisms with the cohesive debris flows (Scott, 1988; Scott et al., 1995) . The behavioral differences between the cohesive and the non-cohesive flows are interpreted to be due to the differences in the degree of clast interaction and segregation and the miscibility of the flow with associated streamflow, which are strongly controlled by the clayey matrix (Scott et al., 1995) .
In subaqueous environments, noncohesive debris flows may transform into dilute flow types as readily as subaerial ones because of easier entrainment of ambient water and rapid loss of integrity of the flows in subaqueous settings (Postma et al., 1988; Mulder and Alexander, 2001 ). Sohn (2000b) reported, however, an example of a non-cohesive debris flow, which neither hydroplaned because of an extremely permeable matrix nor was subject to vigorous surface transformation because of an armour of gravel on the flow surface (Fig. 1C) .
As for cohesive debris flows, Mohrig et al. (1998) showed experimentally that they can become efficiently diluted in subaqueous settings because their impermeable (muddy) matrix facilitates hydroplaning via sustaining high pressures underneath the lofted flow head. Sohn (2000b) reported a possible example of a multiphase debris-flow deposit, which originated from a cohesive hydroplaning debris flow (Fig. 1D ), in only a few kilometres from its source area. Several other studies are also suggestive of the readiness of transformation of cohesive debris flows in subaqueous settings (e.g. Larsen and Steel, 1978; Postma, 1984; Postma and Roep, 1985) . The debris flows in the Lago Sofia submarine channel are also interpreted to have been initiated within the submarine-channel tract by the failure of nearby channel banks or slopes and transformed immediately into multiphase flows in spite of their cohesive nature. The ready transformation of cohesive debris flows in subaqueous setting is in marked contrast to subaerial cohesive debris flows, which can maintain their coherence and textural uniformity over 100 km (Scott, 1988; Scott et al., 1995) .
Conclusions
Voluminous debris flows were initiated ubiquitously along the tract of the Cretaceous Lago Sofia submarine channel system, southern Chile. They could hydroplane because of the muddy (impermeable) nature of the matrix and transform immediately into multiphase flows, consisting of a turbidity current and a hyperconcentrated flow advancing in front of the parental debris flow. The turbidity current carved flutes and grooves on the substrate, above which deposition occurred successively from a hyperconcentrated flow and a cohesive debris flow, resulting in a transition facies that is comparable to those produced by a subaerial debris flow -hyperconcentrated flow event. The subaqueous multiphase flow event differs from the subaerial variety in that it involved a cohesive debris flow. Cohesive debris flows are inferred to transform into dilute flow types more easily in subaqueous settings because their impermeable matrix aids hydroplaning, Fig. 9 A synthetic depositional sequence compiled from a number of multiphase debris-flow conglomerates with brief descriptions and interpretations.
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